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Abstract- Mini-channel solar air heaters (SAHs) are good candidates for implementation in hot air production fields due to 
their simple design, favourable performance and operational characteristics. In this paper, a numerical investigation of the 
energetic-exergetic performance of various mini-channel SAH absorber configurations is introduced using 3D CFD 
(computational fluid dynamics) analysis and under quasi-dynamic conditions. Three glass-covered mini-channel SAH absorber 
designs were investigated: a flat absorber with rectangular channels (RSAH), a tubular-channel absorber (TSAH) and a V-
corrugated triangular channel absorber (VSAH). The performance analysis results are obtained and compared for all absorber 
configurations, including the simple, single-channel type solar air heater (SSAH). The developed CFD collector model was 
validated against available experimental data for the tubular mini-channel geometry. Hourly solar radiation values were 
calculated and meteorological data for Cairo, Egypt were obtained and coupled to the CFD model, based on typical seasonal 
days of the year. To highlight the absorber configuration of the best thermo-hydraulic performance, an energetic and exergetic 
performance analysis was performed. The maximum accumulative useful heat energy was achieved by the VSAH collector 
with average yearly increases of 79.42%, 6.42% and 29.69% as compared to SSAH, RSAH and TSAH, respectively. In 
addition, the average seasonal daily efficiency range for this type of collectors is 34.10%-41.32% as compared to 19.08%-
22.78% for the SSAH type with an average increase of 79.73%. The average seasonal daily exergy efficiency range for this 
type of collectors is 1.60%-2.25% as compared to 0.49%-0.68% for the SSAH type with an average increase of 229.59%. 
Among all mini-channel collector configurations, VSAH collectors recorded the maximum collected annual energy of 1183.3 
kWh/m2/y with an increase of 79.42% as compared to collected annual energy using SSAH collectors. 

Keywords Solar air heater, mini-channel, energy, exergy, performance. 

 

1. Introduction 

Solar energy conversion is widely studied by 
researchers, over other renewable technologies since it is 
unrestricted and free on all surfaces of the entire earth [1]. In 
addition, industrialists are concerned about the depletion of 

fossil fuels, increase in prices, and the harm that fossil fuel 
consumption does to the environment [2]. There are major 
benefits to using solar energy directly as useable energy in 
the form of heat [3]. There are several renewable heating 
supply technologies available on the market to meet the 

https://orcid.org/0000-0001-5372-1790
https://orcid.org/0000-0002-3808-5914
https://orcid.org/0000-0002-9248-0923
https://orcid.org/0000-0001-5372-1790�
https://orcid.org/0000-0002-3808-5914�
https://orcid.org/0000-0002-9248-0923�


INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
A. Aboulmagd et al., Vol.12, No.4, December 2022 

1967 
 

increasing demand for thermal energy, such as flat solar 
thermal collectors and geothermal heat pumps [4]. 

Solar air heaters represent an attractive solar energy 
conversion equipment for solar system designers due to their 
simple structure, low-maintenance and reliable operation, 
especially under sunny climatic conditions. However, cost-
effective and easy-to-manufacture products are not yet wide-
spread. There are two main types of simple air heater 
collectors: the one-pass type with a single-cover or a double-
cover and the two-pass type. For the first type with a single 
see-through cover plate, the air duct is the space separating 
the cover and the absorber sheet. If double covers are used, a 
sealed air gap separates the two see-through covers to reduce 
convective heat exchange, and the air duct is above the 
collector plate and below the covers. The second type uses 
either a divided air stream or takes the air flow through the 
outer section as a preheater before passing through the inner 
air duct [5].  

Systems that utilize solar air heating consist of a network 
of interconnected solar thermal collectors that can be series-
joined, parallel-joined, or joined as a combination of series 
and parallel modules. The majority of systems use a one-pass 
forced flow of air through the collector array with ambient 
air inlet to the system and solar-heated air output to the 
thermal load. [6]. Solar air systems have found use in single 
and multifamily residences, institutional buildings, sports 
facilities and industrial buildings. The reasons for this 
widespread use are that air is a reliable and economical heat 
carrier for heating a building space, ventilation air or even 
domestic hot water in summer [7]. They are advantageous 
over solar water heating systems in the aspects of simple 
fluid conduit works, no serious leakage problems, no 
corrosion or stagnation problems, rapid thermal response, 
and improved control. Applications in which solar air heaters 
are good choice include winter air conditioning and drying. 
In some cases, combined solar air and water heating 
installations can exist. Solar air heaters are also efficient and 
cost-effective as integrated with building skin. On the other 
side, there are some factors that limit the use of solar air 
heaters such as poor heat capacity of air which requires 
larger duct cross-sections and potential noise problems. 

There are considerable experimental and numerical 
research concerning the design and thermal performance 
analysis of forced flow flat type solar air heaters in the 
literature [8]. The focus mainly is to enhance the conversion 
efficiency of the heater absorber module by suggesting 
different geometrical and flow configurations. Research 
efforts on the thermal performance enhancement of different 
configurations of solar air heaters are continuously 
developed. Aldabbagh et al. [9] have experimentally 
investigated single-pass and double-pass types of solar air 
heaters with layers of steel wire matrix in terms of thermal 
performance, taking into considerations the influence of 
varying mass flow rate on exit air temperature and collector 
efficiency. Keeping the mass flow rate constant, they 
discovered that multiple-pass solar air heaters offer better 
efficiency. In addition, a substantial increase in thermal 
efficiency was attained by using packed-bed collectors, 
compared to conventional ones. The finned-plate type of 

solar air heater with double-pass flow has been the subject of 
the analytical and experimental study by El-Sebaii et al [10]. 
The finned-plate double pass and the v-corrugated-plate solar 
air heaters were compared in terms of performance. The 
influence of varying mass flow rates on the pressure drop and 
the thermal efficiency of the studied solar air heaters were 
also investigated. In comparison to the finned-plate double 
pass solar air heater, their findings indicated that the 
efficiency of the double pass v-corrugated-plate solar air 
heater increased by up to about 12%. 

Ho et al. [11] investigated experimentally and 
theoretically a solar air heater design with double-pass, fins 
and baffles to study the effect of recirculation on its 
performance. The results of the performance comparison of 
different solar air heater designs proposed the double-pass 
device to improve the convection heat transfer coefficient 
and amplify the surface area of heat transfer. Based on their 
findings, the double-pass fined and baffled with recirculation 
design outperforms the other designs in terms of collector 
efficiency for a variety of reflux fractions and mass flow 
rates. Siddhartha et. al. [12] have developed a numerical 
particle swarm optimization algorithm to optimize the design 
and operation of a smooth flat absorber solar air heater and 
compared the model accuracy against experimental data. 
Yadav and Bhagoria [13] utilized a 2D CFD technique to 
introduce a study of the thermal and hydraulic flow 
characteristics in a synthetically roughened type of solar air 
heater. The results showed that the narrow diameter of the 
transverse wire ribs caused turbulence, which increased heat 
transfer over the duct. But using artificial roughness causes 
more friction losses. 

Experimental research was done by Nowzari et al. [14] 
to determine the thermal characteristics of single and double-
pass solar air collectors with standard glazing and quarter-
holed tops. They found that for the same air mass flow rate, 
the efficiency of the double-pass type solar air heater 
consistently 5 to 23% more than that of the single pass air 
heater. A solar air heater of different configurations, e.g. 
single-pass and double-pass types with regular and punched 
covers and wire mesh slaps in place of an absorber sheet, was 
put through an experimental study by Nowzari et al. [15]. 
The recommended design for achieving the best thermal 
efficiency was a double-pass solar air heater with a quarter-
punched top, a 3 cm hole interspacing at a value of 0.032 kg 
s-1 for the mass flow rate.  Dissa et al. [16] designed and 
experimented a compound absorber type of a solar air heater. 
By taking into account the impacts of heat capacity in each 
of its parts, the collector was modelled in an unsteady 
condition. The results indicated that during solar noon, the 
collector's thermal efficiency was about 61%, with 77, 142, 
107, and 73 °C peak temperatures for the top cover, non-
permeable and permeable solar absorbers, as well as air flow, 
respectively. 

Singh et al. [17] presented a 2D CFD model for the 
investigation of the thermo-hydraulic characteristics of 
synthetically coarsened absorber type of a solar air heater 
with novel hyperbolic ribs. In their research, the roughness 
height was varied, and simulation runs were used to improve 
the rib profile parameters. It was discovered that rib 



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
A. Aboulmagd et al., Vol.12, No.4, December 2022 

1968 
 

performance was best at 1 mm of roughness height, 10 mm 
of pitch, and 6000 Reynolds. Singh et. al [18] introduced an 
experimental and CFD comparative analysis of two novel 
ribs arrangement for performance enhancement in SAHs 
with average deviations values for the Nusselt number and 
friction coefficient within 6%. Their investigation 
incorporated rib parameters for the two setups and examined 
with six steps of Reynolds number in the range of 3000 to 
18,000. Chamoli et. al [19] performed a numerical analysis 
for the thermo-hydraulic performance characterization of a 
SAH with winglet-embedded absorber with varying angle of 
attack as well as the Reynolds number. They discussed the 
effect of winglet vortex generator on various performance 
parameters, e.g. friction coefficient and Nusselt number. As 
concluded from their results, optimal winglet geometry and 
angle of attack were selected for the best heat transfer 
enhancement. Promthaisong et. al [20] evaluated the thermal 
performance of a SAH absorber with a wavy-triangular ribs. 
A parametric analysis was conducted to study the effect of 
Reynolds number blockage and pitch ratios on the key 
performance parameters.  Hassan et al. [21] experimentally 
examined the performance of a tubular SAH (a cross-section 
of adjacent tubes along the air flow direction) as compared to 
the simple flat absorber SAH at different mass flow rates. 
Their results revealed higher efficiency and reduced top heat 
loss coefficient of the tubular design for the specified 
operating conditions. 

Modern cultures depend heavily on energy. Entropy 
production and environmental impacts, however, are 
expenses related to energy conversion [22]. Saravanakumara 
et al. [23] conducted an exergy analysis of a curved SAH 
with artificial roughness ribs. A genetic-based parametric 
optimization of key design and operating variables were 
conducted. Singh et al. [24] employed a new concept by 
inserting rotating circular ribs in the air flow stream below 
the absorber plate of the SAH through a CFD study. The 
effects of different parameters on e.g. roughness size and 
pitch as well as the ribs rotational speed were included. 
Kumar et al. [25] performed an energetic and exergetic 
analysis to estimate the thermal performance of a SAH with 
winglet type artificial roughness on its absorber plate. A 
parametric study was conducted to obtain optimal setting for 
geometrical values of the roughness element.  

Nidhul et al. [26] performed a critical review for ribbed 
SAH as well as 3D CFD performance analysis estimation of 
various V-rib absorber structures. They presented different 
shapes and designs of the ribs including crosswise, inclined, 
continuous and isolated patterns. They concluded that 
considerable improvement of heat transfer was attained with 
benefits not great enough to outweigh the pressure decrease. 
Beside the energy analysis, an exergetic analysis was also 
performed in their study to assess the various sorts of exergy 
destructions taking place in a SAH. 

Compared to solar water heaters, SAH are more diverse, 
have more variable functioning, and are individually adapted 
to the user’s requirements which raises doubts on the 
suitability of their standards [27]. According to the above 
literature review, more research and development efforts 
need to be exerted to promote the availability of efficient 

designs and enhanced performance of solar air heaters. 
Current research efforts are directed to enhance SAH 
collector performance by inserting objects of different 
configurations to create artificial roughness, e.g. ribs on the 
absorber plate. Some works include novel concepts e.g. 
rotating turbulators and multi-effecting. However, among 
others, mini-channel solar air heaters of different geometrical 
configurations seem to be promising in terms of enhanced 
performance, simplicity and the ability to be standardized. 
The present work introduces a comparative design and 
energetic-exergetic performance analysis of three mini-
channel absorber configurations of solar air heaters using a 
3D CFD technique and under quasi-dynamic conditions with 
the aim of highlighting the configuration that having the best 
performance. The utilized mini-channel absorber 
configurations include rectangular, tubular and triangular 
cross-sections with the same hydraulic diameter. The results 
are also compared to those of the simple solar air heater 
configuration. The flow pattern within different mini-channel 
solar absorber configurations is introduced based on the local 
temperature and velocity contours to interpret the thermo-
hydraulic performance of the solar air heater. To the authors’ 
best knowledge, the introduced comparative quasi-dynamic 
based performance analysis of such type of mini-channel 
SAH using CFD was not covered in the related literature 
[28–30]. 

The aim of the present research is to conduct a numerical 
investigation of the thermo-hydraulic performance and flow 
patterns inside different mini-channel solar air heater 
absorber configurations, with the following specific 
objectives: 

• Understand the fluid flow pattern inside different 
mini-channel solar air heater absorber 
configurations by studying temperature and velocity 
contours. 

• Analyze the thermo-hydraulic performance 
parameters in terms of temperature layers within the 
solar air heater as well as the pressure drop across 
absorber channels. 

• Perform a comparative energy and exergy 
performance analysis for various mini-channel solar 
air heaters and highlight designs with best energy 
and exergy records. 

2. Materials and Methods 

2.1. Solar Air Heater Configuration 

The solar air heater under study is of the flat-plate 
single-pass type with different mini-channel absorber 
configurations. Solid models of the three mini-channel 
absorber configurations as well as the simple (single-
channel) absorber are built for the CFD-based numerical 
study. A 3-mm thick single borosilicate glass cover separates 
the absorber top surface from the surrounding to reduce 
convection heat losses. The absorber plate-to-cover spacing 
is 3 cm. The external dimensions of the solar air heater are 1 
m width by 1.5 m length by 0.08 m depth. A 5 cm layer of 
rockwool thermal insulation surrounds the bottom and sides 
of the solar absorber. The air passages to and from the inlet 
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and outlet headers are of circular cross-sections with 10 cm 
internal diameters. The 3D solid model and CFD numerical 
domain are developed within ANSYS-Fluent 2020 R2 
platform [31]. Figure 1 shows the exterior 3D solid model of 
the SAH, including all components used in the computational 
field, including inlet and outlet header sections. 

 
Fig. 1. The exterior 3D solid model of the studied SAH 

configurations. 

Figure 2 shows the solar absorber geometrical designs 
used in the present study (simple SAH, rectangular, tubular 
and triangular mini-channel absorbers). The number of mini-
channels for each absorber configuration is fixed along the 
aperture width. The hydraulic diameter is also fixed for all 
mini-channel types, in order to enable fair comparative 
analysis of the studied solar air heaters. The mini-channel 
characteristic dimension is 25 mm (internal) with 1 mm 
thickness and accordingly 37 mini-channels are used along 
the aperture width. The solar absorber channels are covered 
with a selective coating layer having an absorptivity value of 
0.94 and an emissivity value of 0.05. 

 
Fig. 2. SAH absorber configurations. (a) Simple absorber (b) 
Rectangular channel absorber. (c) Tubular channel absorber. 

(d) Triangular channel absorber. 

Table 1 includes geometrical parameters and materials 
used for all absorber types of the solar air heater models. The 
collector azimuth angle is 0º and the tilt angle is 30º, based 
on optimized solar radiation collection. 

2.2. CFD Model Development 

The CFD model of mini-channel solar air heater 
configurations is created in ANSYS-Fluent 2020 R2 [31] 
using the finite volume method to resolve the flow problem. 
For connecting the velocity and pressure flow fields, the 
SIMPLE method was used. The 2nd-order upwind finite 
difference system was utilized for the discretization of 
convective terms, whereas the central difference finite 
difference scheme was used to handle diffusive terms. 
Iterations were stopped when the energy equation's relative 
error was less than 10-7 and all other solved equations' 
relative errors were less than 10-4. 

Table 1. Geometrical parameters and materials used for the 
solar air heater model. 

Absorbing selective 
coating 

Absorptivity [-] 0.94 
Emissivity [-] 0.05 

Absorber (aluminium) Hydraulic diameter 
[m] 

0.025 

Length [m] 1.5 
Width [m] 1.0 
Absorber sheet 
thickness [m] 

0.001 

Thermal conductivity 
[W/(m∙K)] 

220 

Number of mini-
channels 
(rectangular, tubular 
and triangular) 

37 

Thermal insulation 
(rockwool) 

Insulation thickness 
[m] 

0.05 

Thermal conductivity 
[W/(m∙K)] 

0.039 
(at 25 
ºC) 

Density [kg/m3] 160 
Specific heat capacity 
[J/kg.K] 

1030 

Glass cover 
(borosilicate) 

Number of glass 
covers 

1 

Transmissivity of the 
glass cover [-] 

0.92 

Emissivity of the 
glass cover [-] 

0.88 

Thickness of glass 
[m] 

0.003 

Thermal conductivity 
of glass [W/(m∙K)] 

1.2 

 Absorber plate-to-
cover spacing 

0.03 

Header sections Inlet diameter [m] 0.1 
Outlet diameter [m] 0.1 

Header sections Azimuth angle [°] 0 
Tilt angle [°] 30 

 
2.2.1. Operating and Boundary Conditions 

Inside the mini-channels of different cross-sections, 
ambient air flows at an inlet temperature that corresponds to 
ambient air conditions of the specified seasonal day (between 
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15 and 40 °C). The mass flow rate per square meter of the 
collector aperture is set as 0.02 kg/(s·m2), as per guidelines of 
the European standard EN 12975-2:2006 for performance 
assessment of solar thermal systems [32]. Therefore, at the 
inlet to the collector, a uniform flow rate of 0.03 kg/s with a 
turbulence intensity of 5% is introduced. Figure 3 illustrates 
various boundary conditions imposed on the mathematical 
model of the solar air heater collector. 

 
Fig. 3. Boundary conditions as imposed on the mathematical 

model of the SAH. 

The internal channel surface is demonstrated as a no-slip 
boundary wall. Outside the computational domain, static 
atmospheric pressure was adopted. In order to evaluate top 
heat losses from the collector, ambient air temperature and 
wind speed are supplied to the computational field 
surrounding the collector on an hourly basis. The solar 
calculator within ANSYS software evaluates different 
components of solar irradiance on the collector plan (direct 
normal, diffuse and reflected solar irradiance) based on the 
specified latitude and longitude of the location as well as 
collector tilt and azimuth angles. The formulated boundary 
conditions are summarized in Table 2. 

The following assumptions are made for the development of 
the mathematical model: 

1. Quasi-dynamic conditions are to be applied over the 
entire time step and span (day length) for the 
calculations without loss of accuracy, 

2. Optical properties of the materials used in the solar 
air heater are to be non-changing over the operating 
temperature range, 

3. Incompressible flow of air within the channels, due 
to low flow velocities, 

4. Isotropic diffuse model for the global solar 
irradiance on the tilted collector surface. 

2.2.2. Mesh Generation and Model Validation 

The computational field of the solar air collector is 
meshed with more than 4,450,000 tetrahedral finite volume 
cells. This type of mesh elements was selected to be used in 
the present study due to its suitability with complex 
geometries. A quality mesh is created using the surface 

configuration that the design modeler developed and saved as 
a mesh file. ANSYS Fluent Solver is used to map the 
outcomes once the produced field matrix equations have 
been solved. Figure 4a shows the generated mesh for the 
collector domain. 

Table 2. Summary of the used boundary conditions. 

Surface Boundary 
condition 

Thermal 
condition 

Solar boundary 
conditions 

Solar 
field top 
side 
(glass) 

Semi-
transparent 

Solar 
calculator 

Absorptivity: 
Direct visible = 
0.05, Direct IR 
= 0.05, Diffuse 
hemispherical = 
0.05 

Collector  Opaque and 
black body 

Program 
calculator 

Transitivity:  
Direct visible = 
0.92, Direct IR 
= 0.92, Diffuse 
hemispherical = 
0.92 

Solar 
field 
sides 

Opaque and 
black body 

Program 
calculator 

Internal 
emissivity = 0.8 

Pipes and 
headers 

Opaque and 
black body 

Program 
calculator 

Internal 
emissivity = 0.8 

Back 
wall 

Opaque and 
black body 

Program 
calculator 

Absorptivity: 
Internal 
emissivity = 0.8, 
Direct visible = 
0.2, Direct IR = 
0.2 

Inlet 
boundary 

Velocity Constant 
temperature 
(Ta) 

Internal 
emissivity = 0.8 

Outlet 
boundary 

Constant 
pressure 
outlet 

------------- Internal 
emissivity = 1 

 

 
Fig. 4. (a) The generated mesh for the SAH collector 

computational domain. (b) Grid independence test results 
based on the outlet temperature. 

The mesh dependency was studied by solving the flow 
domain for eight mesh structures made of 510,000 – 950,000 
– 1,642,000 – 2,321,000 – 3,168,000 – 3,751,000 – 
4,451,000 and 5,144,000 cells respectively. Figure 4b 
illustrates the results of the grid independence test for the 
rectangular mini-channel absorber at 12:00 pm on June 21. 
The outlet air temperature begins to stabilize at about 
3,750,000 mesh elements. The results showed that there is a 
7% difference in air outlet temperature between the coarser 
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and finer meshes, but only a 0.07% difference between the 
two finer ones. The coupled method chosen was pressure-
velocity coupling, PRESTO was utilized for pressure 
interpolation, and 1st-order discretization techniques were 
employed for the viscous and convection elements of the 
governing equations. Utilizing the Green-Gauss node-based 
technique, gradients are calculated. The simulations were 
completed using the control volume approach in the ANSYS 
Fluent CFD engine. When the total residue showed no 
further decline with increasing the number of iterations, 
convergence had been thoroughly examined and the 
iterations were considered complete. Additionally, the scaled 
residuals for continuity, turbulent kinetic energy, turbulence 
dissipation rate, and momentum were roughly 10-4, 10-4, 10-4, 
and 10-5, respectively. The 3D CFD solution domains of the 
simple (single channel), rectangular, tubular and triangular 
channel absorbers of the SAH are obtained at each hourly 
time step starting 8:00 to 16:00 for the specified 
representative days from each season. 

For the purpose of validation, the results of the 
developed CFD model are compared to those from the 
experimental work of Hassan et al. [21] under the same 
operating conditions. Figure 5 shows the validation results of 
the SAH model for the simple (SSAH) and tubular (TSAH) 
absorber geometries, on hourly-basis results and on average 
daily-basis. Three temperature levels within the SAH were 
used for model validation: outlet air temperature (Tout), glass 
cover temperature (Tc) and absorber temperature (Tp). 

 
Fig. 5. Validation of the SAH model against experimental 

data from [21] for the simple flat and tubular absorber 
geometries. 

A comparison between numerical CFD and experimental 
temperature profiles for flat and tubular types of the SAH 
showed that numerical CFD outputs fit well with 
experimental results which ensures the accuracy of the 
developed model. The maximum error in the case of flat 
SAH is around 3.5% and in the case of tubular SAH is 
around 5%. 

 

 

2.3. Weather Data 

Hourly meteorological parameters for the specified 
location (Cairo – Egypt: E 31° 00ʹ 30ʺ, N 30° 02ʹ 10ʺ) are 
based on the typical meteorological year (TMY) data file 
obtained from [33]. The data include ambient temperature 
(Ta), wind speed (Vw) and barometric pressure (Pa). Four 
representative days of the year are selected as input to the 
numerical quasi-dynamic model to reflect seasonal 
variations: Mar. 20 (spring solstice), Jun. 21 (summer 
solstice), Sep. 23 (autumn solstice) and Dec. 22 (winter 
solstice). A time span of 8 hours, from 8:00 am to 4:00 pm is 
selected for the simulation of input/output parameters of the 
numerical model. Hourly variations of ambient air 
temperature, wind speed and atmospheric pressure around 
collector plane for the specified seasonal days at the selected 
location are shown in Fig. 6. 

 
Fig. 6. Variations of ambient air temperature, wind speed and 

ambient pressure for representative seasonal days at the 
specified location. 

Fundamental solar irradiance components: direct normal 
irradiance (DNI), diffuse horizontal irradiance (DHI) and 
global horizontal irradiance (GHI) are obtained from ANSYS 
solar calculator on an hourly basis. The tilted global solar 
irradiance on the collector surface (GT) is then obtained and 
accordingly the amount of energy collected in kWh/m2 of the 
collector aperture is calculated. Table 3 provides statistics for 
the daily collected energy on the collector plane, average 
ambient temperature and average wind speed on the specified 
seasonal days. The most effective parameter is the energy 
collected by a unit area of the collector aperture which has 
the highest records in June and September.  In addition, the 
average ambient temperature is high in these two months, as 
compared to March and September. The wind speed affects 
the convective heat transfer coefficient from the collector top 
cover to the surrounding atmosphere. The highest record of 
this parameter is in June. 
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Table 3: Statistics of collected solar energy and 
meteorological data on the specified seasonal days. 

Energy 
[kWh/m2] 

Average 
Ta [ºC] 

Average 
Vw [m/s] 

Average 
Pa [N/m2] 

Energy 
[kWh/m2] 

Mar. 20 5.82 22.09 4.68 100120.9 
Jun. 21 6.87 33.40 5.06 99621.2 
Sep. 23 6.17 35.48 2.00 99980.2 
Dec. 22 3.81 18.60 4.81 100745.2 

2.4. Governing Equations 

The studied flow field is three-dimensional, 
compressible under quasi-dynamic conditions (with one hour 
time-step). Therefore, the required governing equations to 
numerically solve this flow field are the continuity, the 
momentum and the energy equations [34]. The continuity 
equation under quasi-steady conditions, without source term 
and assuming compressible flow is, 

 
(1) 

where the flow velocity in the ith-direction is represented 
by vi and ρ is the fluid density. 

The momentum equation is given by 

 
(2) 

where  is the fluid velocity in the y-direction, P is the 
local pressure, μ is the fluid dynamic viscosity,  is the 

fluctuated velocity,  is the turbulent shear stress, and 

 is the Kronecker delta (which equals 1.0, if i = j, or 0.0, 
if i ≠ j). 

The energy equation is given by  

 
(3) 

with E is the total energy content in the fluid, given by 

 
(4) 

where e is the specific energy content in the fluid 
(enthalpy). 

The turbulence modeling approach in this work is the 
standard k-ε model, given by 

 
(5) 

and 

 
(6) 

 
where the coefficient Gk describes how mean velocity 

gradients cause turbulence to produce kinetic energy. The 
buoyancy-induced creation of kinetic turbulence is denoted 
by the symbol Gb. The variable dilatation in compressible 
turbulence's contribution to the total dissipation rate is 
represented by the symbol YM. C1ε, C2ε and C3ε are constants. 
The turbulent Prandtl numbers for k and are, respectively, σk 
and σε. Sk and Sε are the source terms. 

The eddy viscosity, μt, is calculated by merging k and ε 
as 

 
(7) 

where Cμ is a constant. 

The default values of the model constants are C1ε = 1.44, 
C2ε = 1.92 and Cμ = 0.09, σk = 1 and σε = 1.3. 
 

These default settings were established by tests with 
basic turbulent shear flows, such as uniform shear flows and 
deteriorating isotropic grid turbulence, in both air and water. 
They have been discovered to function rather well for a 
variety of free and wall-bounded shear flows. The air 
properties are evaluated within ANSYS Fluent calculation 
platform as function of the fluid local temperature inside the 
mini-channel absorber. The discrete ordinates (DO) radiation 
model is used in this study due to its good functionality 
across full range of optical thicknesses with accurate results. 
According to the orientation of the solar air collector, the 
solar energy calculator has been used to determine direct and 
diffuse solar radiation for a specific time, date, and location. 
It also took into account opaque and semi-transparent mass 
media, such as the collector body surface and glass cover. 
The global solar irradiance on the tilted collector surface (GT) 
is obtained using the isotropic diffuse model [35], given by 

 (8) 
 

where Rg is the reflectivity of the surrounding ground 
(selected as an average value of 0.5), θ is the incidence angle 
of solar radiation on the collector surface and βc is the 
collector tilt angle. 

At the top collector cover, heat is being lost by 
convection and radiation. The wind heat transfer coefficient 
(hw) is calculated above the cover surface and to the 
surrounding ambient air, given by [35], 

 (9) 
where Vw is the hourly wind speed value. 

The useful heat gain ( ) of the SAH is given by 

 (10) 
where  is the air mass flow rate, cp is the mean 

specific heat of air, Tin and Tout are the inlet and outlet air 
temperatures, respectively. 

The SAH collector efficiency (ηcoll) is given by 

 
(11) 

where Aap is the aperture area of the collector. 

The accumulative useful heat energy (Qu) for each 
collector configuration is given by Eq. (12), obtained by 
integrating the useful heat gain from the collector over the 
specified time period. 

 
(12) 

The collector exergy efficiency is expressed as 
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(13) 

where ψrec is the recovered exergy stream for the 
working air and ψexp is the expended exergy stream by the 
solar irradiance on the collector aperture. 

The recovered exergy stream is given by [36, 37] 

 (14) 
where ηC is Carnot efficiency and  is the fan power. 

Carnot efficiency is a function of the ambient air temperature 
(Ta) and the mean fluid temperature (Tf,m) between the inlet 
and outlet sections, given by 

 
(15) 

The fan power is given by 

 
(16) 

where  is the air volume flow rate [m3/s], calculated 
based on the mean air density between the inlet and outlet 
sections and η is the combined efficiency of the fan and its 
drive motor, assumed to be 0.65. 

The expended exergy stream by solar radiation is 
expressed as 

 
(17) 

where Ts is the sun skin temperature, evaluated as 5762 
K, assuming a black body behavior. 

3. Results and Discussions 

3.1. Fluid Flow Pattern 

To investigate the characteristics of the fluid flow pattern 
of different mini-channel absorber configurations, sample 
contour plots of the local temperature and the local velocity 
of the heated air within the collector are to be shown. Figure 
7 shows sample temperature contours for different mini-
channel absorber cross-sections, located midway along the 
flow direction, of the SAH at 12:00 pm on June 21. For the 
simple (single channel) solar air heater, higher air velocities 
are available within the core region which results in lower air 
temperatures. Higher temperatures are found near both sides 
of the air channel due to lower fluid velocities and higher 
effects of thermal boundary layers attached to the absorber 
plate. For the rectangular and tubular channel SAHs, higher 
fluid temperatures are achieved within the mini-channels due 
to larger heat transfer surface areas. The triangular absorber 
achieves the highest air temperature inside the mini-channels, 
with a higher degree of uniformity as compared to other 
absorber configurations. Higher absorber temperatures are 
achieved by the rectangular and triangular absorbers, as 
compared to those for the simple and tubular absorbers. It 
can be noticed that the fluid temperature within the external 
boundary layer of the triangular mini-channel absorber is 
uniform all over all mini-channels. In addition, this thermal 
boundary layer is thinner and concentrated around the mini-
channels as compared to other mini-channel configurations, 
which creates a considerable thermal buffer within the 

absorber-cover region and contributes to reducing the top 
losses. 

 
 Fig. 7. Temperature contours for different mini-channel 

absorber cross-sections of the SAH (at 12:00 pm on June 21). 
(a) Simple, (b) Rectangular, (c) Tubular and (d) Triangular. 

 
Figure 8 shows sample temperature contours in the 

longitudinal flow direction along different mini-channel 
absorber configurations of the SAH at 12:00 pm on June 21, 
located midway across the collector width. At the inlet to 
each SAH configuration, the inlet temperature is uniform 
within the header section which is the ambient air 
temperature. With uniform input incident solar radiation on 
the aperture surface, the fluid temperature is increased at 
different rates along the flow direction of each absorber 
configuration. For the simple absorber geometry, a relatively 
low temperature is found within the flow direction with 
relatively lower outlet temperature as compared to other 
configurations. Higher temperatures are achieved within the 
rectangular and tubular mini-channel geometries along the 
flow direction and accordingly higher outlet temperatures. 
For the triangular absorber configuration, the bulk fluid 
temperature starts to show higher values earlier within the 
mini-channel flow direction towards the outlet header and 
accordingly maximum outlet temperature is achieved. 

Figure 9 shows sample velocity contours in the 
longitudinal flow direction along different mini-channel 
absorber configurations of the SAH at 12:00 pm on June 21, 
located midway across the collector width. The flow velocity 
is uniform at the inlet section of all absorber configurations 
and the velocity field is almost identical within all inlet 
headers. Recalling that the mass flow rate is constant through 
the collectors and following the ideal gas low, with heat 
being added to each collector absorber, the fluid density 
decreases and accordingly the flow velocity increases along 
the flow direction. At the outlet from mini-channels of all 
absorber configurations, the local flow velocities attain their 
maximum values as the collecting headers converge, 
especially within the centerline core regions of the outlet 
circular headers. As expected, lowest local flow velocities 
are found within the single channel absorber which leads to 
the lowest pressure drop among all absorber configurations. 
On the other side, the triangular absorber configuration 
achieved the highest local velocities among others which 
should raise the pressure drop across the collector flow. 
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Fig. 8. Temperature contours in the longitudinal flow 

direction along different mini-channel absorber 
configurations of the SAH (at 12:00 pm on June 21). (a) 
Simple, (b) Rectangular, (c) Tubular and (d) Triangular. 

 

 
Fig. 9. Velocity contours in the longitudinal flow direction 
along different mini-channel absorber configurations of the 
SAH (at 12:00 pm on June 21). (a) Simple, (b) Rectangular, 

(c) Tubular and (d) Triangular absorber. 

3.2. Thermo-hydraulic and Energy Performance Analysis 

To perform the energy analysis of the collector, the 
thermo-hydraulic performance is introduced in terms of the 
temperature profile and pressure drop at various locations. 
The average hourly quasi-dynamic mean temperature data 
for different SAH absorber configurations are obtained from 
the CFD analysis for the selected representative days of the 
year. Simulation is performed from 8:00 to 16:00 (morning 
to afternoon) for each day. 

For the specified input mass flow rate and inlet 
temperature stream (Tin), hourly temperature profiles for 
outlet stream (Tout) and absorber surface (Tp) are investigated 
and the results are displayed in Fig. 10 and Fig. 11. As 
expected, maximum temperature was achieved around the 
solar noon for all absorber configurations on all seasonal 

days. Simple SAH absorber achieved the lowest hourly 
temperature profile values among all other configurations 
with maximum absorber plate temperature of 60 °C and 
outlet temperature of 52 °C on Sep. 23. Rectangular and 
tubular absorber configurations have the highest absorber 
temperatures for all seasons. Triangular absorber 
configuration has achieved the highest maximum outlet 
temperature for all seasons. This is due to higher surface area 
exposed to solar radiation in case of triangular channels as 
compared to other configurations. 

 
Fig. 10.  Seasonal variations of the mean outlet temperature 

for different SAH absorber configurations). 

 
Fig. 11. Seasonal variations of the mean absorber 

temperature for different SAH absorber configurations). 

Figure 12 shows the hourly variation of the pressure 
drop across the collector for the selected seasonal days of the 
year. It is obvious that simple solar air heaters have the 
lowest pressure drop values for all seasons, followed by 
tubular, rectangular and triangular absorber solar air heaters 
which have the highest pressure drop values. The maximum 
pressure drop values are associated with maximum operating 
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temperatures achieved at noon times for all types of collector 
absorbers. This is due to the reduction in fluid density with 
increased temperature at the outlet section of the collectors 
which results in lower outlet pressure. Maximum average 
pressure drops are associated with TSAH and VSAH 
collectors for all seasons as compared to SSAH and RSAH 
collectors due to higher flow velocities. For instance, the 
average increases in pressure drop are 49.17% and 25.80% 
for VSAH collectors as compared to SSAH and RSAH 
collectors, respectively. 

 
Fig. 12. Seasonal variations of pressure drop for different 

SAH absorber configurations. 

Figure 13 through Figure 16 show the hourly variations 
of useful heat gain and collector efficiency as obtained from 
Eqs. (10) and (11), respectively for different SAH absorber 
configurations on a seasonal basis. The triangular SAH 
absorber has achieved maximum useful heat gain for all 
seasons thus having maximum instantaneous collector 
efficiency of 82.13%, 71.80%, 80.50% and 71.68% on Mar. 
20, Jun. 21, Sept. 23 and Dec. 22, respectively. Over the 
operating temperature range of the SAH, the mean efficiency 
of the triangular absorber was 43.19% as compared to 
41.03% and 34.59% for rectangular and tubular collector 
efficiencies. 

Figure 17 shows the accumulative useful heat energy 
from each SAH absorber configuration for all seasons. It is 
obvious from the plot that triangular SAH absorbers have the 
highest accumulative heat energy on all representative 
seasonal days. The simulation results for accumulative heat 
energy reflect the results obtained from the simulated 
collector efficiency curves. 

 

 
Fig. 13. Variations of useful heat gain (left) and collector 

efficiency (right) for different SAH absorber configurations 
on Mar. 20. 

 
Fig. 14.  Variations of useful heat gain (left) and collector 

efficiency (right) for different SAH absorber configurations 
on Jun. 21. 

 
Fig. 15. Variations of useful heat gain (left) and collector 

efficiency (right) for different SAH absorber configurations 
on Sep. 23. 

 
Fig. 16. Variations of useful heat gain (left) and collector 

efficiency (right) for different SAH absorber configurations 
on Dec. 22. 

Figure 18 summarizes the results of the energy analysis 
of different mini-channel absorber collectors on a seasonal 
average basis. SSAH collectors have the minimum average 
outlet temperature (Tout,m) among all collector configurations 
in all seasons with a maximum of 46.90 ºC on Sep. 23 and a 
minimum value of 33.49 ºC. On the other side, VSAH 
collectors showed the maximum average outlet temperature 
among all collector configurations in all seasons with a 
maximum of 55.90 ºC on Sep. 23 (also, refer to Fig. 10). The 
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maximum accumulative useful heat energy is achieved by the 
VSAH collector. The average yearly increases in the 
accumulative useful heat gain (Qu,m) for VSAH collectors as 
compared to SSAH, RSAH and TSAH are 79.42%, 6.42% 
and 29.69%, respectively. This is due to the higher average 
daily efficiency for VSAH collectors. In addition, referring to 
Fig. 17, the accumulative useful heat gain from this type of 
collectors is the highest in all seasons, as compared to other 
types. The average seasonal daily efficiency range for this 
type of collectors is 34.10% - 41.32% as compared to 
19.08% - 22.78% for the SSAH type with an average 
increase of 79.73%. 

 
Fig. 17. Variations of accumulative useful heat energy for 
different SAH absorber configurations on Mar. 20, Jun. 21, 

Sept. 23 and Dec. 22. 
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Fig. 18. Summary of the energy analysis results. 

3.3. Exergy Performance Analysis 

The objective of the energetic analysis is to assess the 
available energy to the working fluid for each type of SAH 
under consideration. The net exergy flow to the air is 

evaluated based on the useful heat gain from the collector 
[36]. 

Figure 19 shows the hourly variation of the exergy 
efficiency of the collector for the selected seasonal days of 
the year. It can be concluded from the exergetic analysis that 
triangular absorber geometry has the highest performance in 
all seasons. This second law analysis also supports the result 
of the energetic analysis of different configurations. 

 
Fig. 19. Seasonal variations of the exergy efficiency for 

different SAH absorber configurations. 
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Fig. 20. Summary of the energy analysis results. 

In the previous section, energy analysis of the SAH was 
conducted for performance evaluation in terms of key duty 
parameters such as input solar power, the useful heat gain 
and the collector efficiency. The collector efficiency in this 
case is the thermodynamic first law efficiency which 
represents the quantity of energy the collector can attain at 
certain operating conditions. On the other hand, the exergy 
analysis is useful to quantify available energy of different 
conversion process flow streams and sources of exergy 
destruction. The exergy efficiency (thermodynamic second 
law efficiency) is a qualitative tool to assess system 
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performance and thus maximize its conversion efficiency. 
This complements the energy analysis of the system to 
provide deeper understanding of system energy conversion 
behavior under various operating conditions. Figure 20 
summarizes the results of the exergy analysis of different 
mini-channel absorber collectors on a seasonal average basis. 
The average expended exergy (ψexp,m) level is almost the 
same for all SAH collector configurations as it depends on 
input solar irradiance and ambient temperature. The highest 
average exergy recovery (ψrec,m) and exergy efficiency 
(ηexer,m) levels are associated with VSAH collectors as 
compared to other collector configurations due to lower 
absorber temperatures and minimum heat losses. The average 
seasonal daily exergy efficiency range for this type of 
collectors is 1.60% - 2.25% as compared to 0.49% - 0.68% 
for the SSAH type with an average increase of 229.59%. 

4. Conclusions 

The current work introduced a three-dimensional CFD 
design and comparative energetic and exergetic performance 
analysis of new mini-channel SAH absorber configurations 
at quasi-dynamic conditions, aiming at exploring the optimal 
design in terms of best energetic-exergetic performance 
parameters. The results were also compared to those for the 
simple absorber configuration. Hourly variations of mean 
temperature, pressure drop, useful heat gain, collector 
efficiency and exergy efficiency were obtained from the 
quasi-dynamic performance results. Following are the 
conclusions of the present study: 

• Based on the fluid flow pattern, represented by the 
local temperature and velocity contours, triangular 
mini-channel absorbers were found to achieve the 
highest local temperatures within the mini-channels 
and along the flow direction, among all 
configurations. On the other hand, triangular mini-
cannel absorbers (VSAH) achieved the highest local 
velocities along the flow direction, among others, 
which resulted in a rise in the pressure drop across 
the collector flow on a quasi-dynamic basis. 

• VSAH collectors showed the maximum average 
outlet temperature among all collector 
configurations in all seasons with a maximum of 
55.90 ºC on Sep. 23 but with average increases in 
pressure drop of 49.17% and 25.80% as compared 
to SSAH and RSAH collectors, respectively.  

• The maximum accumulative useful heat energy is 
also achieved by the VSAH collector with average 
yearly increases of 79.42%, 6.42% and 29.69% as 
compared to SSAH, RSAH and TSAH, respectively. 
In addition, the average seasonal daily efficiency 
range for this type of collectors is 34.10% - 41.32% 
as compared to 19.08% - 22.78% for the SSAH type 
with an average increase of 79.73%.  

• Tubular and rectangular geometrical configurations 
found to achieve the highest absorber mean 
temperatures and relatively lower outlet 
temperatures for all seasons, thus having lower 

overall efficiency throughout the operating 
temperature range.  

• The results of the exergetic analysis showed that the 
highest exergy efficiency levels are associated with 
VSAH collectors as compared to other collector 
configurations due to lower absorber temperatures 
and minimum heat losses. The average seasonal 
daily exergy efficiency range for this type of 
collectors is 1.60% - 2.25% as compared to 0.49% - 
0.68% for the SSAH type with an average increase 
of 229.59%. It can be drawn that the exergy 
efficiency calculations support the conclusion 
obtained from the energy analysis for different 
collector configurations 

• Among all mini-channel collector configurations, 
VSAH collectors have the potential to maximize 
annual energy (1183.3 kWh/m2/y) with an increase 
of 79.42%, as compared to annual energy collected 
by SSAH collectors. Accordingly, higher CO2 
savings could be achieved using such type of 
collectors.  

In reference to studies on solar air heater collector 
configurations that depend on creating artificial roughness in 
the air flow path through the absorbers which adds to the 
complexity of the design and increase operational and initial 
costs, the present study introduced a new mini-channel 
absorber configuration (triangular) with a proven design and 
performance competitiveness. The comparative performance 
analysis of the developed design of the mini-channel SAH 
contributes to spreading and standardizing such efficient and 
cost-effective solar energy conversion technology. In 
addition, the proposed mini-channel absorber design has a 
great potential for cost-effective manufacturing techniques, 
e.g. though standard extrusion section processing. Further 
enhancements to these designs may include implementing 
the double pass flow pattern to increase collector yield. 
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